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Abstract

The plasma conditions in isochorically heated beryllium are measured by x-ray Thomson scattering in the collective
regime with a Cl Ly-a x-ray source at 2.96 keV. In addition to the down—shifted plasmon shape which provides
electron density and temperature information, an up—shifted plasmon signal is observed allowing a model independent
determination of the plasma temperature from the detailed balance relation.

Key words: Warm dense matter, Plasma diagnostic, Thomson scattering, Plasmons

PACS: 52.25.0s 52.35.Fp 71.45.Gm 71.10.Ca

1. Introduction

Accurate characterization of warm dense matter is
important for inertial confinement fusion and high en-
ergy density physics experiments [1, 2]. In particu-
lar, the capability to measure electron temperature and
density in dense matter allows us to test dense plasma
modeling. X-ray Thomson scattering has been devel-
oped on the Omega laser facility employing isochor-
ically heated [3, 4] and laser shock-compressed mat-
ter [5], and more recently also on medium sized laser
facilities [2]. For a recent review see Ref. [6]. These ex-
periments access matter at solid density and above ap-
proaching electron densities of n, = 10%*/cm?. Besides
demonstrating the diagnostic capability for future stud-
ies, e.g., on the National Ignition Facility, present ex-
periments address fundamental physics questions such
as the equation of state in dense matter, structure factors
in two-component plasmas, limits of the validity of the
random phase approximation, and the role of collisions.
X-ray scattering experiments employ powerful laser-
produced x-ray sources that penetrate through dense and
compressed materials with densities of solid and above.
Ly-a or He-a radiation from nanosecond laser plasmas
have been applied at moderate x-ray energies of E = 3
- 9 keV that fulfill the stringent requirements on pho-
ton numbers and bandwidth for spectrally-resolved x-
ray scattering measurements in single shot experiments.
Experiments have been performed in the noncollective
and collective scattering regime. In backscattering ge-
ometry the plasma is probed in the non—collective scat-
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tering regime yielding the down—shifted Compton line
that is broadened by the thermal motion of the elec-
trons [3]. In contrast, in a forward scattering geom-
etry plasmons, i.e. electron density oscillations, are
observed [4]. From the detailed balance , i.e. the ra-
tio of the up—shifted to the down—shifted plasmon, the
plasma temperature can be determined from first princi-
ples [6, 7]. The detailed balance relation can be written

as [7, 8]
S(-k-w) [ ho
Sk Xp( kT) M

with S (k, w) the dynamic structure factor, which is pro-
portional to the inelastically scattered x—ray signal, hw
the energy transfer of the scattered photons and 7' the
equilibrium temperature of the system. For this relation
to hold true no other assumption than thermal equilib-
rium has to be made. This makes temperature measure-
ments based on this detailed balance a very powerful
tool since it does not rely on any model assumptions.

2. Experimental setup

A new collective scattering experiment was per-
formed at the Omega laser facility at the Laboratory
for Laser Energetics at the University of Rochester. A
schematic of the target and the laser beam configura-
tion is shown in Fig. 1. To isochorically heat a 250
pm Be foil with 3.4-3.6 keV Ag L-shell radiation (see
Fig. 2), 10 drive beams with a total energy of 4.7 kJ
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Figure 1: Schematic of the experimental setup. 10 heater beams gen-
erate Ag L-shell x rays which isochorically heat a 250 um Be foil. 16
delayed probe beams create a Cl Ly-a x-ray backlighter at 2.96 keV
to probe the plasma conditions. For beam timing see Fig. 2.

at 351 nm in a 1 ns pulse width were incident on a 1
pm silver foil glued to the Be. Distributed phase plates
(DPP, type SG4) were used to achieve a smooth beam
spot with a diameter of 800 um yielding a drive inten-
sity of 7x10'* W/cm?. To generate the x-ray probe 16
beams with a total energy of 7.36 kJ at 351 nm were fo-
cused to a 150 um spot on a 12 um Saran foil to create
Cl Ly-« at 2.96 keV. The source spectrum was deter-
mined in a dedicated disk shot, see Fig. 4. Besides the
Cl Ly-a line a satellite, down—shifted by 30 eV, is emit-
ted. The contrast between the main source line and the
red—shifted satellite is 10. The x-ray photons are col-
limated by a 50 um thick Ta pinhole to define the scat-
tering to 40°, which limits the solid angle of the source
to XY sterrad. Both the backlighter performance and
the Ag L—shell emission are monitored by a streaked
crystal spectrometer, see Fig. 2. The main contribu-
tion to the Ag foil emission stems from 3d—2p transi-
tions in the energy range between 3.4 and 3.6 keV. In
the energy range of the x-ray source line used for the
Thomson scattering measurement no significant contri-
bution from Ag emission is observed. In addition, the
L-shell emission turns off promptly after the end of the
heater beams. This allows us to probe the plasma condi-
tions very close to the end of the heater beams when the
highest plasma temperatures can be expected. In con-
trast, the Cl line emission lasts considerably beyond the
end of the backlighter pulse. The strongest emission ob-
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Figure 2: Streaked x-ray spectrum which illustrates the beam timing
for shot 52443 as given in the right column. Early Ag L-shell radia-
tion is generated by the heater beams, while the probe beams causes
emission of several helium and hydrogen like lines of Cl. Note that
the Ag L—shell emission is observed in transmission through the 250
um Be foil.

served by the spectrometer is for the CI Ly-a line. This
is also true when compared to the He-a line which was
not covered by the spectral range of the streaked spec-
trometer. By varying the spot size of the backlighter
beams we optimized both the conversion efficiency into
Cl Ly-a, and minimized the strength of the red—shifted
satellite with respect to the main Cl Ly-« line. At in-
tensities of 1.8x10'® W/cm? we measured a contrast
of 7.6. By increasing the intensity to 3.2x10'® W/cm?
the contrast improved to 11.2 while the conversion effi-
ciency stayed almost constant. For this experiment we
chose a spot size of 150 ym emission yielding an in-
tensity of XY x10'® W/cm?. From the streak spectra it
is evident that both the Cl Ly-a emission and the line
contrast do not considerably change during the course
of the backlighter beams. In contrast to that, the back-
ground noise on the main scattering spectrometer sig-
nificantly changes during the backlighter pulse. It is
decreasing toward the end of the backlighter pulse and
thus the framing camera is gated late in probe pulse, as
shown in Fig. 2. Due to the 100 yum mean free path
at 3 keV, the x-ray photons scatter predominantly from
a 40 um-deep Be region on the undriven side. An 11°
tilt is introduced so scattered 3 keV x-rays can exit to-
wards the spectrometer with minimal reabsorption. The
scattered signal is collected by a high throughput Bragg
spectrometer using a highly oriented pyrolytic graphite
(HOPG) crystal [9] which is mounted under 40° in for-
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Figure 3: Mass density vs. time from 1D hydrodynamic simulations
using Helios [10]. The heater beams are incident on the the silver foil
from the right hand side and drive a shock into the beryllium. The
shock velocity is determined to be 70 um/ns.

ward direction. For detection an x-ray framing cam-
era is used with a 180 ps gate. The measured sig-
nal is read out by CCD camera fiber coupled to the
framing camera. We flatfielded the spectrometer using
bremsstrahlung emission from an aluminum plasma in
order to account for reflectivity inhomogeneities of the
HOPG crystal. Gold shields are used to block direct line
and continuum emission from the plasmas generated by
the heater and the backlighter beams. To assess the den-
sity uniformity in the plasma region probed by the x-ray
source, we have performed 1D hydro simulations using
HELIOS [10]. Fig. 3 shows the transient mass density.
The heater beams are incident from the right hand side
and start at # = 1 ns. A shock wave is launched and
propagates with a velocity of 70 um/ns through the Be
foil. Hence at t = 1.6 ns, i.e. when the scattering sig-
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Figure 4: (a) Measured x-ray source and total scattering spectrum are
shown along with the best fit (red line). (b) The lower panel shows
inelastic scattered signal obtained by subtracting the source spectrum
from the scattering spectrum. The fit was performed with the same
plasma parameters as in panel (a). From the ratio of the up-shifted
to the down-shifted plasmon signal the plasma temperature can be
determined via the detailed balance relation. For details see text.

nal is recorded, the shock has penetrated about 120 ym
into the Be foil, and thus has not yet reached the plasma
region which is probed by the x—ray backlighter.

3. Results and Discussion

The obtained scattering spectrum along with the
source spectrum is shown in Fig. 4(a). The spectra are
normalized to the Rayleigh peak at 2.962 keV. In addi-
tion to the down—shifted plasmon signal a clear inelasti-
cally scattered, up—shifted signal is observed. Fig. 4b
shows the inelastically scattered signal which is ob-
tained by subtracting the source spectrum from the scat-
tered spectrum (Fig. 4a). The strength of the source is



adjusted such that the resulting inelastically scattered
signal shows a smooth transition between the down-
shifted and the up-shifted features as expected from
simulations. In order to investigate the plasma temper-
ature using the detailed balance relation (Eq. 1), two
gaussian functions were fitted to the data. As con-
straints (1) their width is equal to that of the mea-
sured main Cl Ly-« line, and (2) their absolute energy
shift with respect to the source line is equal, namely
hlwyes| = 27.3 eV, as indicated in Fig. 4b. The fit func-
tion on the down-shifted side is clearly more reliable
due to the higher signal level. In particular, a very good
agreement between the data and the fit is obtained for
the rising edge at 2932 eV. On the blue-shifted side the
experimental data seem to extend further out compared
to the fit function. However, the deviation is on the or-
der of magnitude which could be caused by the spectral
spectrometer response function. Using Eq. 1 from the
ratio of the two gaussians a plasma temperature of 21.1
eV is obtained. Considering an uncertainty of 15% for
the blue shifted signal as the main source of error yields
an uncertainty in 7, of AT, = 3.7 eV. The plasma den-
sity n, can be inferred from the plasmon dispersion rela-
tion. For a classical collisionless plasma the dispersion
was given by Bohm and Gross [11], which is valid for
the long wavelength limit 7k?/(2m,w) < 1

T
2~ W+ @kz, 2)
m,

wres )4
where w,, is the resonance frequency obtained by the
fitting procedure explained above, w, is the plasma
frequency, and k = 1.03 A~! the momentum trans-
fer. Using the electron temperature obtained from de-
tailed balance, Eq. 2 yields a plasma density of n, =
1.7 x 10% cm™.

In the next step synthetic scattering spectra were gen-
erated and fitted to the experimental data. To model the
spectra we used the RPA for the electron structure fac-
tor [12]. The source spectrum recorded on the Saran
disk shot was used as the instrument function. The
best agreement between the measured inelastic scatter-
ing signal (black curve) and the fit function (orange
curve) could be obtained for n, = 1.8x10%* cm™ and
an electron temperature of 18 eV, see Fig. 4b. In addi-
tion to that, from the ratio of the plasmon signal to the
Rayleigh signal the ionization state and thus the mass
density of the plasma can be determined. The strength
of the Rayleigh peak depends on the ion structure factor
which is calculated using the screened one component
plasma model(SOCP, [Gregori2008]). Even though this
has proven to yield the correct values for other systems
(add examples), here we were not able to consistently
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Figure 5: Sensitivity analysis for the electron temperature (a) and elec-
tron density (b).

model the spectra, in particular to obey the constraint
T, = T;. If this constrained is lifted, a very good fit to
the total scattering signal can be obtained, see Fig. 4a.
For further analysis we assumed the ionization state to
be Zy = 2.3 as reported for similar plasma conditions
[4]. At given electron density this corresponds to a mass
density of 1.17 gecm™ which is about 2/3 of solid Be.
This suggests, that expansion of the Be has started be-
fore the x-ray probe arrives.

To illustrate the sensitivity of the inelastic scattering
signal on the plasma parameters, Fig. 5 shows varia-
tions for T, and n,. The upper panel shows the varia-
tion with respect to temperature, and proves that in the
plasma regime under study here the inelastically scat-
tered signal is very sensitive to the electron temperature.
This justifies the application of detailed balance for tem-
perature measurement. The agreement with previously
demonstrated methods is good and limited only by data



quality. Since detailed balance is based on first principle
it will be very useful for testing models in the future.

Fig. 5b shows the dependence of the scattering signal
on the electron density. Clearly, it is not as sensitive as
on the plasma temperature. Significant variations occur
only around the Rayleigh peak. To improve this future
experiments will aim at higher plasma densities. This
will be accomplished by timing the probe beam closer
to the heater beams, and possibly by stronger heating to
increase the ionization state.

4. Conclusion

A 250 um Be was isochorically heated using Ag L—
shell radiation. In the collective scattering regime an
up— and a down-shifted plasmon signal were simulta-
neously measured for the first time. From detailed bal-
ance an electron temperature of 18 eV with an error
of 25% could be inferred. Assuming a mean charge
state of Z = 2.3, the mass density was deduced to be
1.20+0.25 gem ™, significantly smaller than Be ground
density. Future experiments will optimize the heating
using thinner foils. Also, the plasma will be probed at
an earlier time before significant expansion can occur.
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